In the present study, we identified exopolysaccharides of the harmful phytopathogenic bacterium Pectobacterium atrosepticum SCRI1043 and characterized the molecular structure of these polymers. The synthesis of the target polysaccharides was shown to be induced under starvation conditions. Moreover, intensive accumulation of exopolysaccharides occurred during the colonization by bacteria of the xylem vessels of infected plants, where microorganisms formed specific 3D "multicellular" structures-bacterial emboli. Thus, the identified polymers are likely to be involved in the adaptation and virulence of bacteria of Pectobacterium genus.
Introduction
Bacterial exopolysaccharides (EPSs) are structurally and functionally diverse polymers that perform many biological functions and confer multiple properties to microbial population. They provide adherence of bacterial cells to different surfaces, determine the resistance to various stress factors: desiccation, antibiotics, reactive oxygen species, heavy metals, etc. (Singh et al. 1999; Iyer et al. 2005; Bylund et al. 2006; Wang et al. 2007; Bazaka et al. 2011; Lehman and Long 2013; Yang et al. 2015) . EPSs are largely responsible for the integration of separate microbial cells into "multicellular" structures, known as biofilms and microcolonies (Vu et al. 2009; Limoli et al. 2015) . Within these structures, bacteria undergo functional specialization and reside in a matrix predominantly composed of EPS. The synthesis of EPS and formation of biofilms usually correlate with each other and are known to be crucial virulence factors of animal and plant pathogens (Koutsoudis et al. 2006; Vu et al. 2009; Koczan et al. 2009; Roper 2011; Zegans et al. 2012; Al Safadi et al. 2012) .
One of the most harmful phytopathogenic microorganismsPectobacterium atrosepticum (Pba) that causes "soft rot" and "blackleg" diseases producing extracellular plant cell wall degrading enzymes (Perombelon 2002; Charkowski et al. 2012; Tarasova et al. 2013; Davidsson et al. 2013 ) was shown to be cryptic in biofilm-forming capacity under standard laboratory conditions (Perez-Mendoza et al. 2011) . However, its mutant overproducing secondary messenger c-di-GMP was able to form these structures. Therefore, the authors suggested that the pathogen could produce biofilms in response to environmental or physiological cues that exist outside a laboratory environment, for example in the host plant (Perez-Mendoza et al. 2011) . Indeed, closely related P. brasilence was recently shown to form aggregates in the xylem vessels (Kubheka et al. 2013; Moleleki et al. 2017) . Additionally, in our previous study we have shown that Pba within the xylem vessels forms the specific "multicellular" biofilm-like structures, which we named "bacterial emboli" . The assemblage of these structures requires the appearance of the extracellular matrix, which includes plant cell wall polysaccharides entering the lumens of the vessels as a result of plant susceptible response .
The formation of 3D structures from the microbial cells is usually associated with the synthesis of EPS. However, to date EPS were not described for the representatives of Pectobacterium genus, despite the ability of these microorganisms to form aggregates and bacterial emboli within plants. Therefore, the aim of the present study was the identification of Pba SCRI1043 EPS, characterization of their molecular structure and examination if Pba EPS comprise the matrix of bacterial emboli along with plant cell wall polysaccharides.
Results

Identification of Pba EPS in the starving bacterial cultures
Pba was shown to be cryptic in the biofilm-forming capacity under standard laboratory conditions but the increased level of c-di-GMP induces biofilm formation pointing to the intensive biosynthesis of extracellular matrix (Perez-Mendoza et al. 2011) . The level of c-di-GMP is known to be increased under stress conditions (Armitage and Berry 2010; Boehm et al. 2010; Bharati et al. 2012; . Therefore, to obtain EPS the starving Pba SCRI1043 cultures were used. The analysis of extracellular carbohydrates and the titer of colony forming units (CFU) in bacterial cultures was performed after 1, 4 and 14 days of starvation. During incubation, the cell titer gradually decreased and the content of extracellular carbohydrates increased (Figure 1 ). Between 1 and 4 days of starvation, the cell titer did not change significantly; however, the content of the extracellular carbohydrates increased almost 6-times during this period (Figure 1) .
The elution profile of the Pba SCRI1043 EPS had a major peak that contained polymers eluting in the region from 100 to 800 kDa (according to column calibration with pullulans) (Figure 2 ). Additionally, a minor peak in the high molecular weight region and a fraction in the low molecular weight region were observed on the elution profile of total EPS fraction. For the analysis of monosaccharide content, EPSs were divided into six separate fractions that corresponded to elution volumes of 5-8 mL (fraction 1), 9-11 mL (fraction 2), 12-15 mL (fraction 3), 16-18 mL (fraction 4), 19-25 mL (fraction 5) and 26-35 mL (fraction 6) (the fractions are marked in Figure 2 as vertical dotted lines).
The fractions 2-4 did not vary significantly in monosaccharide content and contained rhamnose, galactose and mannose in proportion of 1:2.2:1 and trace amounts of glucose ( Figure 2 , Table I ). The fractions 1 and 6 contained large amounts of glucose (40.3 and 44.5 mol%, respectively). The fraction 5 according to the glucose content (5 mol%) contained both types of polymers from the fourth and sixth fractions (Figure 2 , Table I ). Since the fractions 2-4 were similar in monosaccharide content and represented a major fraction of total Pba SCRI1043 EPS, the polysaccharides of these fractions were collected for the NMR spectroscopy analysis.
Molecular structure of Pba EPS
The preliminary analysis of the major fraction of Pba SCRI1043 EPS by NMR revealed that the regularity of the polysaccharide structure (when the repeating unit provides the only set of NMR resonance signals for every monosaccharide residue, Figure 3A ) was masked by nonstoichiometric O-acetate in one of the sugar moieties of the repeating unit (there is a signal of CH 3 at δ 21.6 ppm, Figure 3A ). To establish the fine structure of Pba SCRI1043 EPS, the onedimensional ( 1 H, 13 C, 13 C JMOD) and two-dimensional (COSY, TOCSY, HSQC, HMBC, ROESY) NMR spectra of O-deacetylated derivative were recorded. The assignment of signals revealed the presence of seven spin systems: two for α-galactopyranose residues (G1 and G2), one for α-mannopyranose residue (M), one for α-rhamnopyranose residue (R) and three systems (H-1-H-3; H-5-H-8; H-1′-H-2′), which belonged to 10-carbon branched monosaccharide erwi- Figure 4 ). The latter monosaccharide was previously described in O-polysaccharide of Erwinia carotovora ssp. atroseptica GSPB 9205 (Senchenkova et al. 2005) .
The sequence of monosaccharide residues in the repeating unit and the position of residue substitutions were determined from the correlations between the anomeric protons and protons at the linkage carbons from ROESY spectrum of O-deacetylated EPS ( Figure 5A ). The correlations between carbons and distant protons (C-O-C-H) were confirmed by the HMBC data ( Figure 5B ).
The polysaccharide backbone consisted of repeating trisaccharide C spectra to certain residues, HSQC and COSY spectra of initial and O-deacetylated polysaccharides were additionally compared. As a result, the differences in C-1, H-1 and C-2, H-2 positions of side chain galactose residue of initial and O-deacetylated EPS were revealed. On the spectrum of O-deacetylated EPS, the signal C-1 at δ 99.7 ppm observed on the spectrum of initial EPS was absent and the signal C-1 at δ 102.2 ppm of same intensity appeared. C-2 position shifted after O-deacetylation from δ 69.1 to δ 71.4 ppm (Figure 3 ). H-1 and H-2 signals for side chain galactose residue were δ 5.39 and δ 5.13 ppm for initial EPS and δ 5.29 and δ 4.03 ppm for O-deacetylated EPS. These changes indicated the acetylation of galactose (G2) residue at O-2 position. The degree of change of C-2 signal intensity suggested that about 50% of these residues were acetylated in initial polymer (Figure 3) . The established structure of obtained polysaccharide was identical to the previously described O-polysaccharide of P. atrosepticum GSPB 9205 (formerly E. carotovora ssp. atroseptica GSPB 9205) (Senchenkova et al. 2005 ).
The comparison of EPS and lipopolysaccharides of Pba SCRI1043
Since the repeating units of Pba GSPB 9205 lipopolysaccharides (LPS) (Senchenkova et al. 2005) and Pba SCRI1043 EPS obtained in our study are of the same structure, the possibility existed that the target polymer is represented by LPS but not by EPS. To check this, the SDS-PAGE analysis was performed, and the content of 3-deoxy-Dmanno-2-octulosonic acid (KDO) and fatty acids in LPS and EPS was compared. The electrophoretic pattern of LPS was represented by characteristic ladder of bands including the major low molecular weight ones that corresponded to R-forms of LPS containing only lipid A and core ( Figure 6 ). In the case of EPS sample, a significant portion of polymers did not enter the gel and low molecular weigh bands were far less represented than in LPS samples even though the quantity of EPS loaded into the gel was 5 times higher than that of LPS ( Figure 6 ). KDO constituted 2.2 ± 0.1% of LPS sample, while only the trace amounts of KDO (0.20 ± 0.03%) were detected in EPS. The content of fatty acids was 40 times less in EPS than in LPS as followed from peak areas of fatty acid methyl esters in chromatogram. In addition, the composition of fatty acids varied in the samples of EPS and LPS. The predominant fatty acids in LPS were hexadecanoic (44%), 2-hydroxydodecanoic (28%), 3-hydroxydodecanoic (13%) and 3-hydroxytetradecanoic (10%); dodecanoic and tetradecanoic acids were identified in lower amounts (3 and 2%, respectively). EPS contained hexadecanoic (69%), 3-hydroxytetradecanoic (25%) and tetradecanoic acid (5%). The differences in fatty acid composition in LPS and EPS samples, as well as differences in KDO content and in electrophoretical mobility indicate that the target polysaccharide fraction is true EPS but not LPS secreted as blebs or released because of cell lysis.
Immunodetection of Pba EPS
To detect Pba SCRI1043 EPS in bacterial cultures and under in planta conditions, rabbit polyclonal antibodies against the Pba SCRI1043 EPS of fraction of 100-800 kDa were obtained. The specificity of the antibodies was verified using the homologous antigen (Pba EPS) and a range of plant cell wall matrix polysaccharides (xylan, xyloglucan, arabinan, rhamnogalacturonan I, pectic galactan, polygalaturonic acid, mannan). The enzyme-linked immunosorbent assay (ELISA) result showed that the obtained antibodies were specific to Pba SCRI1043 EPS and no cross reactions were observed with plant polysaccharides (Figure 7) .
The immunocytochemical analysis showed that EPS were present in both growing in Luria-Bertani (LB) medium ( Values are the average ± SD of 10 biological replicates.
density of the labeling was significantly less (2.5 times) in the growing cultures ( Figure 9 ). The most intensive labeling was observed under in planta conditions, when bacteria colonized xylem vessels (Figures 8I-P, 9). The density of labeling was 6.8 and 2.7 times higher than under growth and starvation conditions, respectively ( Figure 9 ). No labeling was observed when the cross-sections were incubated with secondary but without primary antibodies (Figure 8C , D, G, H, K, L, O). The sections of control uninfected plants were not labeled with Pba-EPS antibodies ( Figure 8M , P). Thus, the synthesis of the EPS by Pba SCRI1043 is an induced process that is increased under starvation conditions and during plant colonization.
Discussion
In the present study, we isolated the major extracellular polysaccharide of Pba SCRI1043 and identified the molecular structure of this polymer. Pba SCRI1043 EPS represents polydisperse polymer with the molecular mass of 100-800 kDa. The obtained EPS has a backbone consisted of
and the side chains of β-D-Erw-(1→3)-α-D-Galp-(1→ attached to mannopyranosyl residue at O-3 position. O-polysaccharide (OPS) of P. atrosepticum GSPB 9205 (formerly E. carotovora ssp. atroseptica) was previously shown to have the same structure ( Senchenkova et al. 2005) . This means that EPS and OPS in P. atrosepticum have similar structures. Similarity or differences in the structures of EPS, capsular polysaccharides (CPS) and OPS depend on the bacterial species. For example, in Rhizobium trifoli, Kingella kingae, Erwinia amylovora, Xanthomonas campestris, Azospirillum lipoferum OPS and EPS or EPS and CPS have different structures (Jansson et al. 1979; Gidley et al. 1987; Ray et al. 1987; Torres et al. 1993; Bukharov et al. 1993; Stankowski et al. 1993; Nimtz et al. 1996; Molinaro et al. 2003; Smol'kina et al. 2010; Starr et al. 2013 ). In Salmonella enteridis, Rhizobium meliloti, Erwinia futululu, Azospirillum irakense, Sphingomonas sp. OPS and EPS or EPS and CPS are of identical structures (Reuber and Walker 1993; Reinhold et al. 1994; Chouly et al. 1995; Yamazaki et al. 1996; Videira et al. 2001; Yang et al. 2002; Fedonenko et al. 2004 Fedonenko et al. , 2013 Snyder et al. 2006 ). However, the functional significance of such similarities/differences is incomprehensible.
The synthesis of the Pba EPS is induced during starvation. Starving Pba cells acquire specific morphology typical for starving and dormant cells (Gorshkov et al. 2009 (Gorshkov et al. , 2010 Petrova et al. 2014 Petrova et al. , 2016 and are surrounded by fibrous material that is labeled with Pba EPS-specific antibodies. The formation of EPS under stress conditions is known to protect cells against the reactive oxygen species, extreme temperatures, nonoptimal pH, exposure to ultraviolet light and host defense systems (D'Haeze and Holsters 2004; Nichols et al. 2005; Wang et al. 2007; Vu et al. 2009; Lehman and Long 2013) .
For phytopathogenic bacteria, EPS are often considered as virulence factors necessary for the host-plant colonization and xylem Table II. 13 C and 1 H (italics) chemical shifts in carbohydrate residues of the extracellular polysaccharide (MW 100-800 kDa, after O-deacetylation) accumulated in the starving P. atrosepticum SCRI1043 cultures Designations of the residues are given in Figure 5 . vessels in particular (Leigh and Coplin 1992; Genin 2010; Compant et al. 2010) . These polymers promote anchoring on the surface of vessels enabling bacteria to cope with xylem flow, allow the formation of biofilms and occlusion of the vessel lumen. Additionally, EPS may protect bacteria from various defensive substances of the host and suppress plant defense responses (Skorupska et al. 2006; Qurashi and Sabri 2012; Janczarek et al. 2015) . Instead of typical biofilms, Pba SCRI1043 forms specific "multicellular" structures-bacterial emboli in the xylem vessels of infected plants. These structures have several distinctive features compared to biofilms: (1) they consist of specific cell phenotype; (2) cells within bacterial emboli are tightly packed and have a predominant orientation (along the long axis of the xylem vessel); (3) no attachment of bacterial cells to the vessel wall precedes the formation of bacterial emboli; (4) bacterial emboli have the specific way of formation related to the release of rhamnogalacturonan I (one of the pectic compounds) from the plant cell walls providing gelation of the . SDS-PAGE analysis of silver-stained LPS (1) and EPS (2) of P. atrosepticum SCRI1043. Twenty and 100 μg of LPS and EPS, respectively, were loaded into the gel. Fig. 7 . ELISA of the cross-reaction of antibodies against P. atrosepticum SCRI1043 EPS with Pba EPS and polysaccharides of plant cell wall: xylan, xyloglucan, arabinan, rhamnogalcturonan I, pectic galactan, polygalaturonic acid, mannan. xylem sap . In the present study, we have shown that the formation of bacterial emboli is associated with the intensive synthesis of Pba EPS. Thus, Pba cells within the bacterial emboli reside in a complex extracellular matrix that is composed of both bacteria-and plant-derived polymers.
The role of the EPS in the formation of bacterial emboli remains to be determined. It is unlikely that these polymers possess adhesive properties since no bacterial attachment occurs during the vessel colonization. It is reasonable to hypothesize that EPS of Pba SCRI1043 may influence the rheological properties of the xylem sap enhancing the occlusion of the vessels. Additionally, they may serve as scavengers of ROS that are accumulated to a high level during the formation of bacterial emboli ).
Materials and methods
Media and culture conditions
Pba SCRI1043 (formerly E. carotovora ssp. atroseptica SCRI1043) (Bell et al. 2004 ) was grown in LB medium (Sambrook et al. 1989) with aeration (200 rpm) at 28°C. For preparation of the starving cultures, cells grown overnight in LB medium were harvested (8000 × g, 10°C, 10 min), then washed twice in a carbon-free AB medium (1 g/L NH 4 Cl; 0.62 g/L MgSO 4 × 7H 2 O; 0.15 g/L KCl; 0.013 g/L CaCl 2 × 2H 2 O, pH 7.5) and resuspended in AB medium with the initial population density of 2.9 × 10 8 ± 1.8 × 10 8 CFU/mL. The resultant starving cultures were incubated in glass vials without aeration at 28°C. The number of CFUs was determined by plating serial 10-fold dilutions of the cell suspensions in 0.5% NaCl onto 1.5% LB agar after 0, 1, 4 and 14 days of incubation. Media used in this study were autoclaved at 121°C for 40 min. Nicotiana tabacum cv. Havana plants were grown axenically in tubes in a growth chamber with a 16-h light/8-h dark cycle. Seeds were surface-sterilized using diluted bleach (0.8% active chlorine) and 1% sodium dodecyl sulfate for 30 min, washed seven times with sterile distilled water, then transferred to MS medium (Murashige and Skoog 1962) in Petri dishes. Ten-day-old seedlings were transferred to individual flasks containing MS.
Six to seven weeks after planting, the stems of tobacco plantlets were inoculated with inoculum containing 3.1 × 10 7 CFU/mL.
Sterile 10 mM MgCl 2 or bacterial suspension in 10 mM MgCl 2 containing 3.1 × 10 5 cells were placed as 10-μL drops on the surface of the plant stem without wounding the tissue. Samples of control and infected plants were taken for analysis 2 days after inoculation.
Extraction of EPS from Pba culture
Pba SCRI1043 cells were incubated in carbon-free AB medium for 1, 4 and 14 days. A bulk of the cells was removed from the cultures by centrifugation (14,000 × g, 10°C, 10 min). The remaining cells were removed by filtration through nitrocellulose filters (0.2 μm; Millipore, Germany). The cell-free supernatants were incubated at-100°C for 10 min to denature proteins, and then centrifuged and filtered through nitrocellulose filters. The resultant supernatants were concentrated 50-100 times using vacuum evaporator RV 8 V (IKA, Germany) at 80-90°C and then the samples were dialyzed (cellulose membrane, 14 kDa, Sigma-Aldrich) against deionised water for 8 hours at room temperature with gentle shaking. EPSs were precipitated by addition of four volumes of 96% ethanol and incubation overnight at 4°C. The EPS pellet was harvested (20,000 g, 4°C, 20 min), washed in 80% ethanol and dissolved in deionized water prior to size-exclusion chromatography.
Size-exclusion chromatography
Size-exclusion chromatography of Pba SCRI1043 EPS was carried out on a Sepharose CL-4B column (1.2 × 40 cm, Pharmacia, Uppsala, Sweden) using 0.01 M pyridine/acetic acid solution, pH 4.5, flow rate 0.25 mL/min, fraction volume 1.0 mL. Pullulan samples of 1660, 380, 186, 100 and 48 kDa (Showa Denko, Tokyo, Japan) with low index of polydispersity (1.09-1.19) were used as standards for column calibration. Carbohydrate content in each fraction was measured using the phenol-sulfuric acid assay (Dubois et al. 1956 ).
Monosaccharide analysis
Polysaccharides of fractions obtained after size-exclusion chromatography were hydrolyzed with 2 M trifluoride acetic acid (TFA; Sigma) at 120°C for 1 h (Fry 1988 ) and dried in a stream of air at 60°C. Monosaccharide analysis was carried out with highperformance anion-exchange chromatography on a CarboPac PA-1 column (4 × 250 mm; Dionex, Sunnyvale, CA), using pulseamperometric detection (Dionex). Triple waveform B for the analysis of carbohydrates with ion chromatography using a gold working electrode was applied. Eluents: A-0.015 M NaOH; B-1 M NaOAc in 0.1 M NaOH. The column was equilibrated with eluent A-100%. The sample was eluted with the following linear gradient: 0-20 min A-100%; 20-21 min A-90%, B-10%; 21-31 min A-70%, B-30%; flow rate 1 mL/min at 30°C. Monosaccharide standards were treated with 2 M TFA at 120°C 1 h before they were used for calibration.
The analysis of EPS using size-exclusion chromatography and determination of monosaccharide content were performed at least in 10 independent biological replicates. The comparison was done using Wilcoxon signed rank test. A probability (P-value) of <0.05 was considered as statistically significant.
NMR spectroscopy
Samples of the initial and O-deacetylated extracellular polysaccharides of Pba SCRI1043 obtained after separation on the Sepharose CL-4B column (100-800 kDa) were dissolved in D 2 O (99.9%, Ferak, Germany) to accomplish the H-D exchange of hydroxyl protons in polysaccharides and then, after drying, re-dissolved in D 2 O (99.994%, Aldrich). O-deacetylation was performed by heating the EPS sample in 12% NH 4 OH at 37°C for 16 h. One-dimensional ( 1 H, 13 C, 13 C JMOD), two-dimensional heteronuclear (HSQC, HMBC) and homonuclear (COSY, TOCSY, ROESY) experiments were conducted at the temperatures 303 K (initial polysaccharides) and 333 K (O-deacetylated polysaccharides) using a Bruker AVANCE III NMR spectrometer operating at 600 MHz. Twodimensional experiments were recorded and processed using standard Bruker protocols. Data processing and analysis were performed using Topspin 2.1 software (Bruker, Germany).
Extraction of LPS
For the LPS extraction, Pba SCRI1043 cells grown in LB medium were harvested (4000 × g, 10°C, 30 min), washed with acetone and dried on air. The acetone-dried cells (12 g) were treated with phenol-water (Westphal and Jann 1965) ; proteins and nucleic acids were removed by precipitation with CCl 3 CO 2 H as described (Arbatsky et al. 2010 ) followed by centrifugation. After dialysis of the supernatant against distilled water, an LPS preparation was obtained in a yield of 5.8%.
KDO analysis
The content of KDO in LPS and EPS samples was determined colorimetrically by the thiobarbituric acid method (Karkhanis et al. 1978) . Measurements were made with a Specord 40 spectrophotometer (Analytik Jena AG, Germany) at λ 548 nm.
Electrophoresis
The LPS and EPS preparations were subjected to electrophoresis in 13% SDS polyacrylamide gel (Hitchcock and Brown 1983) . The components were visualized by staining the gels with a silver nitrate based dye (Tsai and Frasch 1982) . 
Fatty acid analysis
Fatty acids in the LPS and EPS samples were determined as methyl esters (Mayer et al. 1985) by GLC with a GC-2010 chromatograph (Shimadzu, Japan) equipped with a 25 m capillary column with an OV-101 stationary phase. The column oven temperature was programmed in the range of 130-250°C (heating rate, 4°C min −1
), and the detector temperature was 260°C. Fatty acid methyl esters were identified using Supelco standards.
Production of Pba-EPS-specific antibodies
Polyclonal antibodies were raised against the Pba SCRI1043 EPS (fraction 100-800 kDa). Rabbits were immunized three times at 2-week intervals by successive injections of 0.5, 1.0 and 1.5 mg of EPS into popliteal lymph nodes. For the first injection, the antigen was mixed 1:1 (v/v) with Freund's complete adjuvant, and for the subsequent injections, Freund's incomplete adjuvant was used. The antiserum was prepared from blood collected from rabbits at 1 week after the last immunization. The immunoglobulin G fraction was obtained from the antiserum by precipitation with ammonium sulfate. The antibodies were desalted by deionized water using micro columns (Vivaspin 500, 3000 MWCO PES, Sartorius Stedim Biotech, Germany).
Animal care and handling were in accordance with the Guide for the Care and Use of Laboratory Animals, the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes, and the legislation of the Russian Federation. The use of the animals was also approved by the institution where the experiments were performed.
Indirect ELISA
The verification of Pba EPS-specific antibodies was carried out by ELISA in 96-well polystyrene plates. The samples were immobilized on the plates through simple adsorption, kept for 30 min on a shaker at room temperature. Then the samples were replaced by 100 μl of 0.05% polyethylene glycol 20,000 (PEG) added to each well in order to block free binding sites on polystyrene. This solution was replaced by 50 μL of primary (anti-Pba-EPS) antibodies diluted in phosphate-buffered saline (PBS) with 0.02% Tween 20 and 0.005% PEG to prevent nonspecific sorption of antibodies. After incubation for 40 min, the wells were washed three times with 100 μL of PBS with 0.02% Tween 20, and 50 μL of peroxidase-labeled goat antirabbit antibodies (Sigma; 2 μg/mL) in PBS with 0.02% Tween 20 and 0.005% PEG was placed in each well. After 40 min incubation, the wells were washed twice and peroxidase activity was estimated by adding 50 μL of a substrate mixture of 0.03% o-phenylenediamine and 0.02% hydrogen peroxide in 0.1 M sodium citrate buffer (pH 4.5) to each well. The enzyme reaction was stopped with 100 μL of 1 N H 2 SO 4 . The absorbance at 492 nm was read on a Multiskan Ascent analyzer (Thermo, Finland). Data were processed with Microsoft Excel 2003 software (Microsoft Corp.). As a control, various plant cell wall polysaccharides were used: xylan (beechwood), xyloglucan (amyloid), linear arabinan, rhamnogalacturonan I, mannan (ivory nut), polygalacturonic acid, pectic galactan (potato), pectic galactan (lupin) (Megazyme, Ireland).
Immunocytochemistry assay
Pba SCRI1043 cells during the exponential growth phase in LB medium and after four days of starvation in carbon-deficient AB medium were harvested by centrifugation at 8000 × g for 10 min at 4°C. The sections of control and P. atrosepticum-infected tobacco stems (0.5-0.8-mm thick) were excised two days after plant inoculation. All samples were fixed in a mixture of 2% paraformaldehyde and 0.5% glutaraldehyde prepared in 0.1 M phosphate buffer (pH 7.2) for 4 h at room temperature. After washing in phosphate buffer, the samples were post-fixed by incubation in 0.5% (w/v) osmium tetroxide diluted in 0.1 M phosphate buffer (pH 7.2) with sucrose (25 mg/mL) for 1 h. Then, the samples were dehydrated in a graded aqueous ethanol series (30-100%), transferred to acetone and immersed in LR White resin (Medium Grade Acrylic Resin; Ted Pella, Redding, CA; catalog no. 18181) that contained acetone added in the proportions (v/v) 1:3, 2:3, 3:1, with each step involving a 12-h incubation. The samples were then embedded in LR White resin in Beem capsules and polymerized at 60°C for 24 h.
Ultrathin sections (ca. 300 nm thick) and semi-thin sections (ca. 1 μm thick) of the samples were prepared using a glass knife on a LKB Ultracut III ultramicrotome. Semi-thin sections of the tobacco stems were collected on silane-coated microscope slides and preincubated in Na-PBS, pH 7.4, containing 3% (w/v) bovine serum albumin (BSA) for 1 h to block non-specific labeling. The immunolabelling of Pba EPS was carried out using polyclonal antibodies specific to EPS. The sections were incubated for 1 h with primary antibodies diluted (1:1) in 0.1 M PBS containing 0.06% (w/v) BSA, washed three times with 0.1 M PBS and subsequently incubated for 1 h in the dark with goat anti-rabbit antibody, linked to fluorescein isothiocyanate (Sigma). The sections were then washed with Na-phosphate buffer and distilled water three times each and mounted in CFM-1 mountant solution (Electron Microscopic Sciences, Hatfield, PA). All incubations were performed at room temperature. Primary antibodies were omitted in control experiments. The sections were examined using a laser confocal fluorescence microscope (LSM 510 Meta; Carl Zeiss, Jena, Germany). Immunofluorescence was observed using excitation at 488 nm and emission at 503-550 nm.
Ultrathin sections of the bacterial cells grown or incubated in vitro and Pba-infected tobacco stems were mounted on Formvar-coated 100-mesh nickel grids. They were blocked for 15 min at room temperature (high humidity chamber) in 20 mM Tris-buffered saline (TBS) (pH 7.4) with 3% BSA and incubated for 2 h at room temperature with primary polyclonal Pba-EPS antibody, diluted 1:1 with TBS with 0.06% BSA. The sections were washed three times in 20 mM Tris-buffer (TB) (pH 8.2) and incubated (2 h, room temperature) with secondary antibody (goat antirabbit coupled to 10 nm colloidal gold, Amersham Pharmacia Biotech) diluted 1:50 in TBS with 0.06% BSA. Then, the sections were washed in TB (pH 8.2) and deionized water. Silver enhancement of gold particles conjugated to the secondary antibody was carried out using the BBInternational Silver Enhancing Kit (Ted Pella); the solution was applied for 2-5 minutes in dark (Hainfeld and Powell 2000) . Control experiments were performed by omitting primary antibody. The sections were stained with 2% aqueous uranyl acetate (w/v) for 20 min and Reynolds' lead citrate (Reynolds 1963) for 7 min and examined using a transmission electron microscope (JEM-1200 EX, Jeol, Japan) operated at an accelerating voltage of 80 kV.
For quantification of the immunolabelling, nine TEM photos from three independent experiments for each treatment were analyzed. The density of immunogold labeling was measured by counting the number of gold particles for each sample over an area of 30-50 μm 2 containing 43-67 cells. The gold particles were counted around the cells and on the surface of outer membrane. The density of immunolabelling was expressed as the number of label per 50 cells per 50 μm
2
. Given values are the average ± standard deviation (SD). The comparison was done using Wilcoxon signed rank test. A probability (P-value) of <0.05 was considered as statistically significant.
